A gene from the periodontal organism Porphyromonas gingivalis has been identified as encoding a DNA methylase. The gene, referred to as pgllM, has been sequenced and found to contain a reading frame of 864 basepairs. The putative amino acid sequence of the encoded methylase was 288 amlno acids, and shared 47% and 31% homology with the Streptococcus pneumoniae DpnW and E. coll Dam methylases, respectively. The activity and specificity of the pgi methylase (M.Pg/1) was confirmed by cloning the gene Into a dam~ strain of E. coll (JM110) and performing a restriction analysis on the isolated DNA wtth enzymes whose activities depended upon the methylatlon state of the DNA. The data Indicated that M.Pg/1, like DpnW and Dam, methylated the adenlne residue within the sequence 5'-GATC-3'.
INTRODUCTION
The DNA methylases of prokaryotes are involved in a number of cellular functions including restriction-modification systems, DNA mismatch repair, gene expression, and DNA replication (1, 2) . Three types of DNA modifications are most often associated with prokaryotic methylases. These are N6-methyladenine (m6A), 5-methylcytosine (m5C), and N4-methylcytosine (m4C) (3) .
The Escherichia coli Dam gene product is an adenine methylase that recognizes the sequence 5'-GATC-3' (1). Perhaps the most studied of the adenine methylases, the Dam methylase is not part of a restriction-modification system but does seem to be involved in mismatch repair (1, 4) . The transient undermethylation of G-ATC sequences in newly synthesized strands of DNA, in conjunction with mismatched or unpaired bases, apparently are recognized in the initiation of mismatch repair (5) . Mutants in the dam gene are more sensitive to the effects of UV light and other mutagenizing agents (6, 7) . Additionally, the Dam methylase has been shown to contribute to gene expression (8, 9, 10) , including a gene whose product is necessary for the initiation of DNA replication (8) .
Several genes encoding DNA methylases from a variety of bacteria have been sequenced (11). The methylases have been classified into five families based upon homology patterns and DNA recognition sequence (12) . Regions of homology common to adenine or cytosine methylases, or both, have been identified and are hypothesized to have both functional (3, 13, 14) and evolutionary (15, 16) significance. We report here the nucleotide sequence of a new methylase gene, referred to as pgilM, cloned from Porphyromonas gingivalis and the homology it shares with other methylases.
MATERIALS AND METHODS

Bacteria and media
The DNA containing the methylase gene was obtained as a 2.4kb BamHl-EcoRI fragment in pUC9 (17) . However, this fragment did not contain the 3' end of the gene and so a 1.5kb Pstl-Sstl fragment was also cloned (Figure 1 ). Cloning was into pUC and the M13 bacteriophage vectors (18) . Escherichia coli JM109 was used as the host strain for recombinant clones used in sequencing, and was grown in 2xYT broth (19) . Recombinant phage and colonies were detected by growth on 2 X YT (soft agar overlays for phage) agar supplemented with 0.33mM isopropyl-beta-Dthiogalactopyranoside (IPTG) and 0.02% 5-bromo-4-chloro-3-indoyl-3-galactoside (X-gal). E. coli JM110 (dam~) was also used as a recipient to test for methylase activity of pUC clones containing the entire pgilM gene.
Transformation of the E. coli strains was by electroporation (2.5kV, 200«, 25/iF).
Enzymes and chemicals
Restriction enzymes, T4 DNA ligase, and M13 17-mer primer were purchased from either Bethesda Research Laboratories (Gaithersburg, MD) or Fisher Scientific Co. (St. Louis, MO) and were used in accordance with the specification of the manufacturers. Other oligonucleotide primers used for sequencing were synthesized by the Molecular Biology Resource Facility (Oklahoma City, OK). Sequencing was accomplished using the reagents and protocols of the T7 Sequencing kit of Pharmacia Nucleotide sequencing DNA sequencing was carried out using the dideoxy chaintermination method of Sanger et al. (20) . Different portions of the gene were sequenced employing synthesized oligonucleotide primers for specific sites. The full sequence of the gene was determined in both directions and was analyzed by the James M. Pustell DNA and protein sequencing program (International Biotechnologies, Inc., New Haven, CT).
RESULTS
Cloning and sequencing
The pgilM methylase gene was originally obtained as part of a clone expressing hemagglutination activity and was contained on a 2.4kb EcoKl-BamHl fragment cloned in pUC9. The majority of the methylase sequence was determined from this clone and through the analysis of open reading frames it became evident that the 3' end of the gene was not included in the clone. Subsequently a 1.5kb Pstl-Sstl fragment (Figure 1 ) which contained the entire pgilM gene, separate from an upstream hemagglutinin gene, was cloned into both pUC18 and pUC19. From these clones the remaining sequence was determined. The methylase gene was comprised of 864 basepairs and coded for a protein of 288 amino acids. The start codon was believed to be GTG and was preceded by a ribosome binding site (AAGA-GGT) and putative promoter. There was also a series of 4 direct repeats of 41 nucleotides each (individual repeats >75% identical) located 236 bases upstream of the GTG start codon. The region of direct repeats separated the divergent promoters of the methylase gene and a hemagglutinin gene, though its significance is not known. A potential stem-loop structure followed the termination codon.
Methylase activity
The initial analysis of the putative amino acid sequence encoded by the pgilM gene revealed a high degree of homology to the Streptococcus pneumoniae DpnU methylase (21) DNA if the adenine is methylated whereas NdeU will not cut DNA modified by methylation. These results indicated that DNA in the clones containing pgi was being methylated, and that the specificity of M.Pgil was for the adenine residue in GATC sequences. As a control, pUC DNA without a methylase insert was amplified in E. coli JM110 and isolated. It gave the opposite results upon treatment with the enzymes NdeU and Dpnl, indicating that the DNA had not been methylated. Methylase clones in both orientations in pUC were able to express activity, thereby providing evidence for the presence of a pgilM promoter.
Homology studies
The M.Pgil methylase showed a substantial degree of homology to four previously identified methylases: 47% identity with the S. pneumoniae DpnU methylase (21), 31 % with the E. coli dam methylase (l) (Figure 3) , 24% with the EcoRV methylase (22), and 25% with the T4 bacteriophage methylase (23) . The patterns of homology for M.Pgil coincided with 3 of the 4 regions of homology previously identified for the Dam, EcoRV, DpnU and T4 methylases (13, 15) . The M.Pgil methylase also contained two regions similar to consensus sequences for adenine methylases, and for both adenine and cytosine methylases ( Figure 3 ) (3, 16) .
DISCUSSION
The methylation of DNA within an E. coli dam~ host containing the cloned P. gingivalis methylase gene provided evidence for the activity of this gene product. Specificity was determined by restriction enzyme analysis. It seemed unlikely that the recognition site for M.Pgil was any larger than GATC. There were numerous GATC sequences within the vector (pUC) containing the pgilM clone, and many variations of flanking bases. Yet, the DNA from the pgilM clone was digested to a similar degree as control DNA cut specifically at GATC sites. The possiblity that the M.Pgil methylase acted on a cytosine rather than an adenine residue was discounted by the activity of Dpnl which will only cut DNA methylated at the adenine of G-ATC sequences. Some of the methylases specific for GATC sequences are part of restriction-modification systems while others, such as the E. coli Dam methylase, act alone in mismatch repair, gene expression, and DNA replication (1, 2, 4) . The precise roles of M.Pgil in P. gingivalis were not investigated. However, the differentia] methylation of two GATC sites by the E. coli Dam methylase has been shown to regulate phase variation of the pap pili in uropathogenic E. coli (10) . In addition, the Dam methylase apparently is involved in the regulation of pap transcription. It is thus possible that the P. gingivalis M.Pgil methylase is involved in the regulation of P. gingivalis adhesins, possibly even the hemagglutinins, as well as other virulence associated structures. A GATC site is located between the coding regions for the methylase and hemagglutinin, within the putative promoter for the methylase. The elucidation of the role of the pgilM gene product on expression of virulence genes must await the generation of pgilM: mutants.
Previous studies have identified regions of homology when comparing methylase sequences. Four regions (I-IV) of homology were reported for the E. coli Dam and EcoRV adenine methylases, as well as the phage T4 and S. pneumoniae DpnU adenine methylases (13, 15) . Later publications compared the sequences of several additional methylases. Two consensus sequences, one common to adenine methylases and the other shared by both adenine and cytosine methylases, have been identified (16) . The consensus sequence of the adenine methylases corresponded to homology region IV, and the adenine/cytosine consensus sequence corresponded to a portion of homology region I. The M.Pgil methylase shared homology to regions I, HI, and IV.
The homologous sequences in the methylases have been hypothesized to be of both functional and evolutionary significance. Regions corresponding to both consensus sequences have been suspected of binding the methyl donor Sadenosylmethionine (Ado-Met) (3, 13) . However, Ado-Met binding peptides from the £coRI DNA methylase did not match either consensus sequence (24) . Speculation has also centered on the role of the consensus sequences in DNA recognition, though there is no homology between methylases and endonucleases that recognize the same sequence (16) . Amino acid substitutions in the phage T4 methylase have implicated homology region El as being important in DNA recognition. Interestingly, the M.Pgil methylase of the gram negative P. gingivalis is more similar to the DpnU methylase of the gram positive 5. pneumoniae than to other gram negative methylases. Lauster (16) has proposed a gene duplication model to explain both the consensus sequences and the amino acid dissimilarities among the various methylases. Hattman et al. (15) suggest that transfer by phage or plasmid may account for some of the similarity between methylases in gram negatives and gram positives. This suggestion, with consideration of the oral environment of P. gingivalis, may help explain the greater similarity of the M.Pgil methylase to that of a streptococcal species than to methylases from enteric organisms such as E. coli.
